JC virus (JCV) is a human polyomavirus that causes benign infection in 70-90 % of people worldwide in early childhood, with persistent renal infection and urinary excretion of virus being common in healthy adults (Kunitake et al., 1995; Agostini et al., 1996) . The virus causes a fatal central nervous system (CNS) demyelinating disease termed progressive multifocal leukoencephalopathy (PML), usually in immunocompromised individuals (Berger & Concha, 1995) . In the past, PML was uncommon and occurred mainly in older patients or those receiving immunosuppressive agents. The disease became more common with the spread of human immunodeficiency virus (HIV) infection and at one stage PML affected approximately 5 % of AIDS patients, but this has declined with the institution of highly active antiretroviral therapy in developed countries (Berger & Levy, 1993; Berger et al., 1998) . In contrast, the significance of PML in countries currently worst affected by the AIDS epidemic has yet to be determined. By the end of 2003, an estimated 25-28 million people in sub-Saharan Africa were living with HIV/AIDS (UNAIDS, 2003) , which implies that there should be a high incidence of PML in the region. Yet only two cases of PML have been recorded in indigenous people in Africa and the presence of JCV has been reported only in the urine of AIDS patients in Tanzania, as well as in the CNS of a patient in Uganda Stoner et al., 1998) . In addition, four cases of PML have been recorded in African patients in Europe Dubois et al., 2001 ).
Analysis of JCV from urine or the CNS has revealed the existence of at least seven genotypes, which appear to have evolved in separate geographic regions conforming to global patterns of human migration (Agostini et al., 2001; Hatwell & Sharp, 2000; Jobes et al., 1998; Stoner et al., 2000) . Type 1 is found in Europe and the USA and type 2 in Asia, with 2A and 2C predominating in north-eastern Asia, India and in indigenous Americans (thought to have migrated from Asia to America), 2B in Eurasia, 2D in India and 2E in Guam (Agostini et al., 2001) . Types 3 and 6 have been identified in East and West Africa, respectively. Type 4 is closely related to type 1 and has been identified only in the USA, while type 5 is a recombinant between type 2B and type 6 (Hatwell & Sharp, 2000) . Type 7 is the dominant strain in southern China where it was isolated from the urine of immunocompromised individuals without PML (Ou et al., 1997) , but it has also been identified in urine samples from an Indian hill tribe (Agostini et al., 2001 ). Type 7 is close to type 2, but is considered a distinct genotype (Hatwell & Sharp, 2000; Jobes et al., 1998) .
In the USA, JCV genotype 2, especially 2B, was found most likely to cause PML (Agostini et al., 1997b and the apparent lack of PML in AIDS patients in West Africa was ascribed to the absence of type 2 from that region (Chima et al., 1999) . In France, most cases of PML were associated with JCV type 1 (66 %) or type 2 (19?7 %). Genotypes 1, 4, 2 and 3 were detected in 52?3, 30?8, 12?3 and 4?6 %, respectively, of urine specimens from France. Infection with JCV genotypes 1 and 2 was found to correlate with PML, while infection with type 4 could represent a lower risk for
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PML. All type 3 infections from France were in PML patients from North Africa and it was suggested that PML is rare in Africa only because AIDS patients frequently die before the onset of PML (Dubois et al., 2001 ).
JCV has a supercoiled circular DNA genome of 5?1 kb divided into three main regions, the non-coding regulatory region containing the origin of replication (ori), the early region that encodes viral regulatory proteins (large T and small t) and the late region, which contains the structural proteins (VP1, VP2, VP3 and the agnoprotein). The regulatory region exhibits extensive variation, with rearrangements, insertions, duplications and deletions occurring in isolates from PML-affected brains relative to archetypal strains from the urinary tract (Agostini et al., 1997c; Jobes et al., 1998; Yogo et al., 1990) . This may affect levels of virus transcription and replication, which may in turn alter the cellular host range and be responsible for switching between states of latent and lytic infection (Jensen & Major, 2001) . Sequencing of the promoter/enhancer region may thus provide useful supplementary information (Agostini et al., 2001 ), but has limited value for typing, since all rearranged sequences appear to be unique (Agostini et al., 1997c) . Genotyping is based on sequence analysis of either the VP1 region or the full genome with exclusion of the regulatory region (Hatwell & Sharp, 2000; Jobes et al., 1998) .
In the present study we determined full genome sequences of five JCV isolates from PML cases in South Africa, the first to be reported from this part of the world. For detection of JCV, cerebrospinal fluid samples from four African AIDS patients (SA28_03; SA84_00; SA296_02; SA21_01) and one 77-year-old Caucasian of Afrikaans descent with advanced leukaemia (SA27_03) were heated to 95 u C for 10 min and first-round PCR was performed using the forward primer Jig 3 (59-CATGCTTCCTTGTTACAGTGTG-39) (Agostini et al., 1997a) and the reverse primer Jig 3R (59-TGATT-ACAGCATTTTTGTCTGC-39), while the nested PCR was carried out using primers JLP15 and JLP16 (Newman & Frisque, 1999) . Full genome amplification was achieved using the method of , followed by nested PCR of overlapping regions to obtain sufficient amounts for direct cycle sequencing using the primers of Agostini et al. (1997a) . Nucleotide sequencing was carried out on both strands using the ABI Prism Big Dye Terminator Cycle sequencing reaction kit v2.0 and analysed on an ABI 377 sequencer (Perkin-Elmer Applied Biosystems). Phylogenetic analysis of the full genome minus the regulatory region was used for genotyping as described in Hatwell & Sharp (2000) in comparison with previously typed sequences (Agostini et al., 2001; Hatwell & Sharp, 2000; Jobes et al., 1998) .
Nucleotide alignments of 4846 sites starting at the initiation codon of the agnoprotein gene were generated with CLUSTAL_X 1.64b (Thompson et al., 1997) using the multiple alignment option. The first position of the agnoprotein was counted as nt 275 to reflect the nucleotide positions described for the VP1 typing sites in Stoner et al. (2000) . The maximum-parsimony and neighbour-joining methods of PHYLIP version 3.5c (Felsenstein, 1993) and the neighbourjoining and minimum evolution methods of MEGA version 2.1 (Kumar et al., 2000) produced essentially identical trees under 100 bootstrap evaluations. The midpoint rooting option in MEGA was adopted as advocated by Hatwell & Sharp (2000) and the minimum evolution tree is shown in Fig. 1 . Regulatory regions of the South African isolates were analysed separately in comparison with the archetypal sequence (Yogo et al., 1990) . P distances were calculated with MEGA version 2.1 (Kumar et al., 2000) .
In the analysis of the full genome coding region of the five South African JCV isolates, three from African AIDS patients of the Xhosa tribe clustered as subgenotypes of type 3, the fourth isolate from a member of the Zulu tribe clustered with type 7 and the isolate from a Caucasian leukaemia patient clustered with type 2 (Fig. 1) . Genotyping was accomplished by comparison with reference sequences from all genotypes identified to date (Agostini et al., 2001) . The phylogenetic analysis shown in Fig. 1 included all subtypes, all available type 7 strains and representative sequences of all type 2 and 3 subtypes. In the initial phylogenetic analysis, the South African sequences were aligned with all 261 complete genome sequences in GenBank to identify strains that were the most closely related to the South African strains.
Genotype 3 isolate SA28_03 clustered with subtype 3A and was most closely related to isolate 308 from Tanzania (P distance=0?002) (accession no. U73500.1). Isolates SA84_00 and SA296_02 clustered with subtype 3B and both had P distances of 0?002 compared with isolate 311, which was isolated from an African-American and the only other full genome sequence of this subgenotype in GenBank (Fig. 1) . A number of unique nucleotide substitutions in the South African isolates relative to the other subtype 3 strains was visible in the nucleotide alignment, including nt 1648 and 1816 in VP1 of SA28_03 and nt 1915 and 2146 in VP1 of SA84_00. A deletion was also identified in the non-coding region between VP1 and the large T antigen of SA296_02 (results not shown). Amino acid sequences for the individual proteins were 99-100 % identical to other type 3 isolates, except for the VP1 proteins of SA84_00 and SA28_03, which were 98 % identical. A number of unique amino acid substitutions were visible in isolates SA296_02, SA28_03 and SA84_00 relative to all other JCV isolates (Fig. 2) . Subtype 3A was identified in urinary isolates in Tanzania, East Africa, while subtype 3B was found in West Africa where most African-Americans originated; the subtype has been identified in AfricanAmericans and in a Gambian AIDS patient that died of PML in Germany (Agostini et al., 1997d) . The South African subtype 3 isolates are the first to be isolated from confirmed PML cases in AIDS patients in Africa.
The fourth South African isolate, SA21_01 from an AIDS patient of the Zulu tribe in the Kwazulu-Natal province, clustered with JCV type 7 (Fig. 1) and was closest to two isolates from Taiwan (P distance=0?002) (accession nos AB077873.1 and AB077876.1) (results not shown). Unique nucleotide substitutions in the genome of SA21_01 relative to all other JCV isolates were visible in nt 1756 in VP1 and nt 3483, 3500, 3533 and 3640 in the large T antigen (results not shown). Amino acid changes occurred in the large T antigen in aa 344 (TRS), 363 (VRL) and 396 (HRL) (Fig. 2) . Type 7 has not been identified in Africans before. (2000) and Jobes et al. (1998) .
It remains to be determined how widespread type 7 infections are in this population group.
Isolate SA27_03 from a Caucasian leukaemia patient of Afrikaans descent clustered with JCV type 2D (Fig. 1) . The closest related sequences were isolates FA-1a and FA1 from Japan (accession nos AB103402.1, AB103387.1), strain 246D, 247D and 248D from China (accession nos AF363832.1, AF363833.1 and AF363834.1) and isolate MO-3 from Mongolia (AB048551.1), all with P distances of 0?004 to the South African isolate. Although they are relatively rare, subtypes 2A, 2B and 2C have previously been found in Caucasians, constituting <10 % of JCV in the urine of European Americans and Germans, while type 2D was found in South India. The boundary region in eastern Europe or eastern Asia where predominance of the type 1/4 clade switches over to type 2 has not yet been identified (Agostini et al., 2001; Jobes et al., 1998) . Afrikaners derive mainly from Dutch (the first settlers arrived in 1652), French and German (16th century) and British (19th century) settlers (Hammond et al., 1997) , suggesting that JCV infection in the population will probably be similar to that found in western Europe. Although type 2D has not been reported in Europeans before, this may reflect transmission of type 2D from southern Asia to Europeans in antiquity.
All five South African PML isolates had rearranged regulatory regions relative to the archetype. The subtype 7 isolate, SA21_01, was characterized by insertions of up to 11 nt in five positions. Deletions or substitutions occurred in all of the other isolates, with the largest deletion occurring in SA28_03 at nt 36-69 (results not shown). This is the first report of JCV-associated cases of PML in southern Africa and provides the first evidence that genotype 3 occurs as far south as South Africa and that subtype 3A may be associated with PML. The occurrence of subtype 3 in the region is to be expected: the affected patients were of the Xhosa tribe, believed to have moved south with the other Bantu peoples of South Africa during the great migration of the Niger-Congo linguistic groups in the last three centuries BC. Both East and West African migrants took part in the southern migration, which may explain the presence of subtypes 3A and 3B in South Africa (Oliver, 1991) . More surprising is the isolation of JCV type 7 from an African patient and its association with PML. The genotype is known in Asia, but since large numbers of Indians have settled in the Kwazulu-Natal province over the past two centuries, it cannot be excluded that this case resulted from a recent transmission event. The relative occurrence of JCV genotypes in the province is unknown, but Agostini et al. (2001) noted that African subtype 3 isolates were closer to types 2 and 7 than to types 1, 4 or 6 and suggested the existence of an historic Asian-African link. The subtype 2D isolate identified in the leukaemia patient of Afrikaans descent probably reflects transmission events in Eurasia. A number of unique amino acid substitutions in South African sequences relative to the other isolates are shown in Fig. 2 in the large T antigen, VP1, VP2 and VP3 proteins. Although the biological significance of amino acid changes in these proteins is not yet fully understood, these changes may possibly influence the disease-causing potential, functionality and tropism of the virus and explain differences in strains found in urine, brain tumours and PML (Agostini et al., 1997b; Boldorini et al., 2003; Caldarelli-Stefano et al., 2000) . Finally, the present findings confirm that PML-associated South African JCV isolates have rearranged regulatory regions relative to archetypal virus. Further investigations are needed to determine more accurately the incidence of PML in southern Africa and the relative frequencies of JCV genotypes in the region.
